Preeclampsia is the most common clinical disorder in pregnancy and might result from disordered uterine environments caused by epigenetic modifications, including deregulation of DNA methylation/demethylation. Recent research has indicated that 5-hydroxymethylcytosine (5hmC), a DNA base derived from 5-methylcytosine (5mC) via oxidation by teneleven translocation (TET) enzymes, is involved in DNA methylation-related plasticity. Here, we report that TET2 expression and 5hmC abundance are significantly altered in the placentas from preeclampsia patients. shRNA-mediated TET2 knockdown (shTET2) reduced trophoblast migration and invasion when cultured in Matrigel. Both real-time PCR of matrix metalloproteinase (MMP)-related transcripts and a human angiogenesis antibody array indicated that TET2 knockdown in trophoblasts inhibits the expression of MMP transcript, of which MMP9 represented one of the most significant TET2 downstream targets. Using an established shTET2 HTR-8/SVneo cell model, we further confirmed alterations of 5hmC levels and MMP9 expression at both mRNA and protein levels. In particular, we found that TET2 bound to and removed 5mC modifications at the MMP9 promoter region. Interestingly, in TET2 knockdown cells, both MMP9 expression and the compromised trophoblast phenotype could be rescued by vitamin C, an activator of TET enzyme activity. Finally, TET2 expression correlated with MMP9 levels in placenta samples from the preeclampsia patients, indicating that TET2 deregulation is critically involved in the pathogenesis of preeclampsia through down-regulation of MMP9 expression. Our findings highlight a critical role of TET2 in regulating trophoblast cell migration through demethylation at the MMP9 promoter, and suggest that down-regulation of the TET2-MMP9 -mediated pathway contributes to preeclampsia pathogenesis.
Preeclampsia is the most common clinical disorder in pregnancy and might result from disordered uterine environments caused by epigenetic modifications, including deregulation of DNA methylation/demethylation. Recent research has indicated that 5-hydroxymethylcytosine (5hmC), a DNA base derived from 5-methylcytosine (5mC) via oxidation by teneleven translocation (TET) enzymes, is involved in DNA methylation-related plasticity. Here, we report that TET2 expression and 5hmC abundance are significantly altered in the placentas from preeclampsia patients. shRNA-mediated TET2 knockdown (shTET2) reduced trophoblast migration and invasion when cultured in Matrigel. Both real-time PCR of matrix metalloproteinase (MMP)-related transcripts and a human angiogenesis antibody array indicated that TET2 knockdown in trophoblasts inhibits the expression of MMP transcript, of which MMP9 represented one of the most significant TET2 downstream targets. Using an established shTET2 HTR-8/SVneo cell model, we further confirmed alterations of 5hmC levels and MMP9 expression at both mRNA and protein levels. In particular, we found that TET2 bound to and removed 5mC modifications at the MMP9 promoter region. Interestingly, in TET2 knockdown cells, both MMP9 expression and the compromised trophoblast phenotype could be rescued by vitamin C, an activator of TET enzyme activity. Finally, TET2 expression correlated with MMP9 levels in placenta samples from the preeclampsia patients, indicating that TET2 deregulation is critically involved in the pathogenesis of preeclampsia through down-regulation of MMP9 expression. Our findings highlight a critical role of TET2 in regulating trophoblast cell migration through demethylation at the MMP9 promoter, and suggest that down-regulation of the TET2-MMP9 -mediated pathway contributes to preeclampsia pathogenesis.
Preeclampsia (PE) 4 , a pregnancy-related disease with multiorgan involvement, is primarily defined by the occurrence of new-onset hypertension plus proteinuria after 20 weeks of gestation (1) . It is complicated in 2-8% of all pregnancies, with an estimated 46,000 PE-related deaths in 2015 worldwide (2) (3) (4) . Furthermore, the incidence of perinatal diseases, such as heart disease, is significantly increased with PE; thus, prediction and prevention of PE are urgently needed considering the disease risks (5, 6) . Angiogenic and anti-angiogenic factors are secreted from trophoblast cells, and imbalanced production/secretion is regarded as a major etiological factor for preeclampsia (7, 8) . Currently the sFlt-1/PlGF ratio has gained much attention as a useful biomarker because it has a very high predictive value for maternal and/or fetal PE-related adverse events. The so-called angiogenic PE (defined as a sFlt-1/PlGF ratio Ͼ85) is regarded as the most harmful condition (9) . However, the variable phenotypes of PE indicate that other pathological factors also contribute to its incidence.
Epigenetic changes in the placenta, including noncoding RNA expression and DNA methylation modification are now regarded as major mechanisms in the placentation process and their deregulation contributes significantly to placenta-related diseases like PE (8) . Trophoblast methylation/demethylation is a major mechanism for differentiation and development. Although it is generally accepted that the methylation process is inhibitory during preimplantation embryonic development, it has been recently shown that active demethylation processes occur after implantation (10, 11) . Deregulation of the demethylation process could cause pregnancy-related diseases like PE. In fact, PE has recently been associated with aberrant methylation of tumor suppressor genes in the placenta (12) . 5hmC is considered an intermediate in an active demethylation process catalyzed by the ten-eleven translocation (TET) family, which comprises three members, TET1 to TET3, that have combinatory roles in different developmental process as well as carcinogenesis (13) . Recent data have shown that TET is involved in 5hmC-mediated alteration of the transposon-mediated activity associated with exposure to adverse in utero environments, and both TET1 and TET3 are down-regulated in PE placenta, indicating an important role in PE pathogenesis (14) . Compared with TET1 and TET3, TET2 is unique as it lacks the CXXC domain and requires IDAX to recruit to target genes and regulate its stability. Specifically, a recent study shows that TET2 is also critical for hematopoiesis and that TET2 mutation is related to myeloid tumorigenesis (15, 16) . Whether TET2 plays critical roles in the placentation process and the underlying mechanisms remain unclear.
During placenta development, cytotrophoblast proliferation, invasion, and syncytiotrophoblast formation are orchestrated steps critical for normal pregnancy (17) . Trophoblast migration is an important aspect of implantation and placenta development, as shallow implantation is generally regarded as a major mechanism of PE (7) . The normal trophoblast invasion process is similar in mechanism to tumor metastasis. Matrix metalloproteinases (MMPs) are well-known secreted proteins important for both normal embryonic development and tumor metastasis. Mounting evidence, including ours, shows that they are also important for trophoblast invasion, and thus, MMPs are drug targets for prevention of PE (18, 19) . Among more than 20 members of the MMP family, MMP9 is noteworthy because knockout of MMP9 induces the PE phenotype in mice (20) . Reduced MMP9 protein secretion is also observed in PE patients, thus supporting a critical role for MMP9 in trophoblast migration/invasion (21, 22) .
In the current study, we have shown that TET2 protein can regulate MMP9 expression and trophoblast invasion. We further delineated the detailed mechanism of how reduced TET2 expression leads to compromised trophoblast invasion, and revealed a critical regulatory pathway involved in PE development.
Results

Decrease in 5hmC is associated with a substantial reduction of TET2 gene expression in PE placenta
The role of TET2 protein in the placenta is yet to be determined. We measured the expression of TET2 protein and the levels of 5mC and 5hmC at genomic DNA in human placenta. In the dot-blot assay, the level of 5hmC/5mC in the PE placenta was lower than the control (Fig. 1A ). Conversion of 5mC to 5hmC was mediated by TET enzymes. TET2 mRNA expression measured by real-time PCR was reduced by 35.7% in the PE group compared with control group (Fig. 1B , p Ͻ 0.05). TET2 protein expression was significantly reduced by Western blotting in the PE group compared with control ( Fig. 1C , p Ͻ 0.001). Furthermore, immunohistochemistry analysis showed that TET2 protein staining was localized in the cytotrophoblast as well as in the syncytiotrophoblast, and that staining intensity was reduced in the PE patient (Fig. 1D ). The 5hmC level was also reduced in placental sections as indicated by immunohistochemistry ( Fig. 1D ). Together, consistent with the reduced TET2 protein expression, 5hmC level was significantly reduced in placenta samples from PE patients compared with control.
TET2 plays important roles in human trophoblast cell proliferation, invasion, and migration by regulating MMP9 gene expression
As TET2 is expressed in trophoblast cells, we investigated whether TET2 could affect trophoblast cell behavior using cell model. The 5hmC level was significantly reduced after using specific shRNAs to reduce TET2 expression at genomic DNA in HTR-8/SVneo cell (shTET2) compared with control cells (shSCR) by dot-blot assay ( Fig. 2A ). We then evaluated the proliferation, invasion, and migration ability of HTR-8/SVneo cell after knockdown TET2. The Cell Counting Kit-8 assay showed that shTET2 can induce proliferation ( Fig. 2B ). Furthermore, the migration and invasion ability of HTR-8/SVneo cell were assessed using Transwell assays. The results showed that shTET2 caused significant inhibition of cell migration and invasion ( Fig. 2C) .
To investigate the relationship between TET2 and angiogenesis ability in HTR-8/SVneo cell, an angiogenesis antibody array was performed to determine expression level of angiogenesis-related proteins in conditioned media derived from shSCR and shTET2 cell. The results showed that the expression levels of GM-CSF, MMP9, IL-8, and MCP-1 were significantly decreased in shTET2 supernatant compared with shSCR supernatant (Fig. 2D ). The ELISA result further confirmed that MMP9 expression level was significantly decreased in shTET2 supernatant compared with shSCR supernatant, which was consistent with results of angiogenesis antibody array ( Fig. 2E ).
It is well known that placental trophoblast invasion is significant for maintenance of normal pregnancy. This phenomenon requires balanced expression between MMPs and their inhibitors, TIMPs. Thus, we analyzed the mRNA expression level of major MMPs, such as MMP2, MMP9, and their respective inhibitors in HTR-8/SVneo cell. Real-time PCR results showed that MMP9 expression was decreased by 63.4% in shTET2 ( Fig.  2F , p Ͻ 0.01). Furthermore, MMP9 protein expression also significantly decreased by Western blotting in shTET2 compared with shSCR ( Fig. 2G , p Ͻ 0.05).
TET2 could demethylate CpG sites in the MMP9 promoter and regulate promoter activity
To investigate the relationship between TET2 and MMP9 expression, the methylation levels of the MMP9 promoter region were determined by bisulfite sequencing PCR (BSP) analysis. The promoter sequence of MMP9 from Ϫ761 bp to the transcription start site has the strongest transcriptional activity (23) . Therefore, this region was chosen for the detailed methylation analysis. The MMP9 promoter region evaluated in this study is illustrated schematically in Fig. 3A . The BSP results demonstrated that overall DNA methylation percentage of the MMP9 promoter was relatively high in the control cells (15%). However, the DNA methylation percentage for each particular site was variable. Among them, eight CpG sites (Ϫ764, Ϫ712, Ϫ624, Ϫ562, Ϫ233, Ϫ223, Ϫ36, and ϩ140 bp) had a methylation percentage below 50% ( Fig. 3B ), indicating that demethylation prevailed in these sites under normal conditions. However, the methylation percentages increased TET2 controls MMP9 promoter demethylation in preeclampsia significantly at the Ϫ712 bp and Ϫ233 bp sites in shTET2 ( Fig. 3C , p Ͻ 0.05).
To estimate whether the TET2 protein binds to MMP9 promoter regions, we quantified the level of TET2 enrichment in the MMP9 promoter at the Ϫ268 to Ϫ92 region in HTR-8/ SVneo cells by chromatin immunoprecipitation (ChIP) assay. The ChIP analysis results showed that the TET2 level was increased by 14.5-fold compared with IgG ( Fig. 3D , p Ͻ 0.01). Briefly, TET2 could bind and demethylate CpG sites in the MMP9 promoter region, especially at the Ϫ233 bp site. Therefore, when the MMP9 promoter activities with various methylation profiles were evaluated by the Dual-Luciferase reporter assay, the results showed that the Ϫ712mut sequence activity was not significantly different compared with normal MMP9 promoter, whereas the Ϫ233mut and the Ϫ712 and Ϫ233mut sequence activity was increased by 36 and 33%, respectively, compared with normal MMP9 promoter ( Fig. 3F , p Ͻ 0.01). Therefore, we concluded that TET2 could demethylate CpG sites, especially at the Ϫ233 bp site in the MMP9 promoter and thus control promoter activity, whereas other CpG sites may play supportive roles in this regulatory mechanism. In conclusion, these results suggest that TET2 could regulate the proliferation, migration, and invasion of HTR-8/SVneo cells through its target, MMP9 in trophoblasts, which could play an essential role in PE pathophysiology.
Re-expression of TET2 catalytic domain (Tet2-CD) could partly rescue the migration and invasion in shTET2 cell
To further study whether TET2 enzyme activity was required for MMP9 expression. We transfected, respectively, an expressed plasmid of TET2 catalytic domain (Tet2-CD) and catalytically inactive version of Tet2-CD (Tet2-HXD) in shTET2 cell (24) . The real-time PCR results showed that transfected Tet2-CD could modestly, but significantly, enhance MMP9 mRNA expression compared with Tet2-HXD (Fig. 4A ), and protein level shows same trend in the Western blot results A, dot-blot assay result showed that the 5hmC was down-regulated at genomic DNA in PE placentas (n ϭ 13) compared with controls (n ϭ 11). Methylene blue was used as a loading control. B, real-time PCR results show that TET2 gene expression was decreased in PE placentas (n ϭ 13) compared with controls (n ϭ 11); GAPDH was used as an endogenous control. C, Western blotting results show that TET2 protein expression was reduced in PE placentas (n ϭ 13) compared with controls (n ϭ 11). Tubulin was used as an endogenous control. D, immunohistochemical staining of TET2, and 5hmC in PE placental sections (n ϭ 5) and controls (n ϭ 5). TET2 was mainly expressed in cytotrophoblast cells in the placental villi. Scale bar, 100 m. The n means the number of samples in each group. The histogram shows statistical results of biological replicates. The data are presented as the mean Ϯ S.D. **, p Ͻ 0.01; *, p Ͻ 0.05. (Fig. 4B ). We measured the migration and invasion ability of shTET2 cell after re-expression TET2. The Transwell assay showed that re-expression of Tet2-CD could enhance the migration and invasion in shTET2 cell compared with Tet2-HXD ( Fig. 4C ). We next tested the level of methylation of MMP9 promotor. BSP results showed that overall DNA meth-ylation level of the MMP9 promoter was relatively low in the transfected Tet2-CD cell; the single CpG site methylation percentages decreased significantly at the Ϫ233 bp sites in the transfected Tet2-CD cell (Fig. 4D ). Therefore, re-expression of TET2 could rescue the MMP9 expression through its enzyme activity. 
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Decrease of MMP9 correlates with DNA demethylation on MMP9 promoter in PE placenta
Based on the above experiment, we investigated the expression of MMP9 in PE and control placenta by real-time PCR and Western blotting. MMP9 mRNA expression measured by real-time PCR was reduced by 46% in placenta from the PE group compared with control group (Fig. 5A, p Ͻ 0.05) . The placental protein expression of MMP9 was clearly reduced by Western blotting in the PE group compared with controls ( Fig. 5B , p Ͻ 0.05). Pearson's correlation assay demonstrated that TET2 
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expression was positively correlated with the MMP9 mRNA level in PE placenta (Fig. 5C , r 2 ϭ 0.57, p ϭ 0.0043), but not with that in the control (Fig. 5C , r 2 ϭ 0.13, p ϭ 0.281). Furthermore, we examined the status of MMP9 promoter methylation by pyrosequencing in PE and control placenta. The results indicated that the Ϫ233 bp site of the MMP9 promoter shows higher methylation levels in PE (Fig. 5D , p Ͻ 0.01). Taken together, these findings reveal that MMP9 methylation and expression levels were changed in PE placenta compared with controls.
Vitamin C treatment restores TET2 activity and MMP9 gene expression in HTR-8/SVneo cells
To investigate whether TET2 knockdown could be rescued by the enzymatic activity of vitamin C (VC), which enhances TET2 catalytic activity, we measured the invasion and migration ability of HTR-8/SVneo cells after VC treatment. The Transwell assay showed that VC treatment remarkably induced cell migration and invasion in shTET2 and in HTR-8/SVneo cells (Fig. 6A ). We next assessed whether MMP9 expression could be rescued by VC treatment. The real-time PCR results showed that MMP9 mRNA level was rescued after VC treatment in shTET2 compared with shTET2 ( Fig. 6B, p Ͻ 0.05) . The ELISA results further confirmed that MMP9 expression also significantly increased in VC treatment shTET2 supernatant compared with shTET2 supernatant (Fig. 6C, p Ͻ 0.05) . Next, the Western blot result showed that MMP9 protein expression clearly increased by VC treatment in shTET2 compared with shTET2 ( Fig. 6D , p Ͻ 0.05). Furthermore, we examined the MMP9 promoter methylation status by pyrosequencing after VC treatment in shTET2. The result demonstrated that the hypermethylated Ϫ233 bp site of the MMP9 promoter could be rescued, at least partially, by VC treatment in shTET2 (Fig. 6E) .
In brief, our result showed that TET2 bound to MMP9 promoter and was led to its hypomethylation. Therefore, the expression of MMP9 was increased, which promotes the invasion ability of trophoblast cell. On the other hand, VC could rescue the effect of TET2 on MMP9 by up-regulating TET2 enzyme activity (Fig. 6F ).
Discussion
The current study highlights the critical role of TET2 in regulating trophoblast cell invasion through regulating MMP9 promoter demethylation, especially at the Ϫ233 CpG site in the promoter region. Furthermore, it shows that PE placentas have aberrant methylation levels in the MMP9 promoter region, indicating that TET2-mediated hypermethylation could be responsible for altered MMP9 expression; thus our study revealed a critical pathway involved in the placentation process, and its deregulation results in PE pathogenesis.
The MMP9 promoter has been extensively studied and a CpG island has been found in this promoter region (23, 25-27). However, our study indicates that another CpG region is A, real-time PCR results showed that MMP9 was decreased in PE placentas (n ϭ 13) compared with that in controls (n ϭ 11). GAPDH was used as an endogenous control. B, MMP9 expression was significantly reduced in PE placentas (n ϭ 13) compared with that in controls (n ϭ 11) by Western blotting. Tubulin was used as an endogenous control. C, Pearson's correlation assay demonstrated that TET2 expression was positively correlated with MMP9 mRNA levels in the PE placenta (n ϭ 13, r 2 ϭ 0.57, p ϭ 0.0043), but not with that in the control (n ϭ 11, r 2 ϭ 0.13, p ϭ 0.281). GAPDH was used as an endogenous control. D, pyrosequencing results indicated that the Ϫ233 bp site of the MMP9 promoter was hypermethylated in the PE placentas (n ϭ 10) compared with controls (n ϭ 11). The n means the number of samples in each group. The histogram shows statistical results of biological replicates. The data are presented as the mean Ϯ S.D. **, p Ͻ 0.01; *, p Ͻ 0.05.
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involved in the hypermethylation process and is critical for MMP9 transcription. Furthermore, we show that TET2 could bind to specific sites on the MMP9 promoter region, such as the Ϫ233 and Ϫ712 CpG sites; control the demethylation process; and affect MMP9 promoter transcriptional activity. In our study, we found that the Ϫ233 bp region of the MMP9 promoter is important for demethylation, and ChIP assay further demonstrated that TET2 could bind to the MMP9 promoter CpG site and demethylate the CpG site.
TET2 has been shown to interact with DNA methyltransferase in the promoter region and dynamically regulate oxidative stress-related cancer cell responses (11, 28) . Other histone modifications also play roles in methylation regulation of MMP9 promoter (29, 30) . Furthermore, acetylation of TET2 could increase TET enzyme activity and is therefore critical for the TET-mediated demethylation process (28) . Thus, the exact mechanism of how TET2 controls MMP9 expression requires further investigation. bar, 1 mm. B, real-time PCR showed that MMP9 was increased after VC treatment in cells. GAPDH was used as an endogenous control. C, the ELISA results further confirmed that MMP9 expression significantly increased in VC treatment shTET2 supernatants compared with shTET2. D, Western blotting showed that MMP9 expression was induced after VC treatment in cells. Tubulin was used as an endogenous control. E, pyrosequencing results indicated that the Ϫ233 bp site of the MMP9 promoter was demethylated after VC treatment in shTET2 cells. F, the proposed model for the regulation of demethylation levels on the MMP9 promoter in trophoblasts by TET2: TET2 binds to MMP9 promoter and down-regulates its methylation; MMP9 expression and trophoblastic invasion is therefore up-regulated. VC could rescue the effect of TET2 on MMP9 expression by up-regulating TET2 enzyme activity. All experiments were repeated a minimum of three times, and representative data are shown. The data are presented as the mean Ϯ S.D. **, p Ͻ 0.01; *, p Ͻ 0.05.
Epigenetic modifications including DNA methylation, RNA regulation, and imprinting are critically involved in placenta development; adverse in utero environments such as ART (Assisted Reproductive Technology) manipulation and infection have been shown to affect placenta development by regulating methylation levels (31, 32) . Our result showing reduced TET2 expression indicates that TET2-mediated hypermethylation plays an important role in the placentation process. Although it has been shown that TET1 and TET3 are reduced in PE placenta, this study is the first to show that the TET2-MMP9 pathway is also critically involved in PE pathogenesis. The exact mechanisms of how the upstream signals regulate TET2 expression need further investigation. For example, it has been shown that androgen could inhibit TET2 expression during prostate cancer progression (33) . Recently abnormal androgen levels in the uterus have been related to the PE etiology in a murine model (34) . Thus, whether abnormal androgen levels are involved in deregulating the TET2 expression in utero is also an interesting question.
Vitamin C is a well-known TET enzyme activator (35) . A recent study shows that vitamin C is therapeutically effective for treating TET2-deficient leukemia by regulating stem cell proliferation (36, 37) , indicating that vitamin C could also be potentially important for PE. Although the clinical benefits of vitamin C for PE treatment and prevention remain debatable, some studies show report prevention of DNA methylation associated with smoking after vitamin C/E intake, whereas others do not find significant effects of prenatal vitamin C intake for preventing PE (38, 39). Our study demonstrates that vitamin C could rescue the knockdown effects of TET2 as well as MMP9 expression, indicating that vitamin C could rescue some of effects in the placentation process. It is likely that vitamin C could stimulate other TET enzymes when TET2 is knocked down, therefore showing rescuing effects in our experiment. It also remains possible that the beneficial effects maybe more significant when the placenta is associated with adverse environments like oxidative stress. In the future, it would be important to check the TET2 levels/activity before evaluating the effects of vitamin C as a preventive strategy in future clinical study.
Methylation is now regarded as an important biomarker in PE (5) , and genome-wide methylation deregulation has been shown as related to PE pathogenesis (40, 41) . However, a study on the specific methylation at a single or several CpG sites could reveal more candidate biomarkers, which may represent more economic and straightforward biomarkers for clinic use (5) . Our result shows that several candidate CpG sites, such as the Ϫ233 bp CpG site of MMP9 promoter, have differential methylation levels between PE and normal placenta, and further functional studies are warranted to further delineate the exact pathway elucidating the underlying mechanism of PE.
Materials and methods
Patients and tissue collection
Clinical samples were collected from women who visited the Obstetrics and Gynecology Department of West China Second University Hospital of Sichuan University in Chengdu, China.
All study participants provided written informed consent. The study protocol was approved by the local ethics committee. The clinical diagnosis of PE is based on the standard as described in our previous study (8) .
Placental tissue was obtained from severe PE cases (n ϭ 13) and normal pregnancy controls (n ϭ 11). Two groups of subjects were chosen and the placentas were cut after cesarean section on the maternal side, taking the tissue around the central villus area, rinsed with saline, quickly placed in liquid nitrogen, and then stored at Ϫ80°C. One part of the fresh placenta was fixed in 4% paraformaldehyde and processed for immunohistochemical staining. For RNA and protein analysis, term villus tissues from the middle of the placenta were cut on the maternal side and a piece of tissue about 1 ϫ 1 ϫ 1 cm in size was spared, avoiding parts with blood clots, infarction, or calcification, to prepare both RNA and protein lysates. The patient characteristics are summarized in Table S1 . All samples were randomly coded prior to processing to ensure that the analysts were blinded to their origin.
Cell culture
HTR-8/SVneo, an immortalized human trophoblast cell line derived from first-trimester human cytotrophoblast cells, was used for the study. HTR-8/SVneo cells were cultured in RPMI 1640 medium (C11875500BT, Gibco) supplemented with 10% fetal bovine serum (10099 -141, Gibco) at 37°C in a humidified incubator with 5% CO 2 (Thermo Fisher Scientific).
Cell proliferation, invasion, and migration assays
Each group of cells was seeded into 96-well plates at a density of 5000 cells/well, and at 0, 24, 48, 72, and 96 h after seeding; four wells of each group of cells were tested using the Cell Counting Kit-8 (CK04, Dojindo Molecular Technologies, Kumamoto, Japan). The cell proliferation curve was plotted using Prism software. Cell invasion assays were carried out as described previously (8) .
Quantitative real-time PCR (qPCR)
Total RNA was extracted from tissues using TRIzol (Invitrogen) according to the manufacturer's instructions, and cDNA was synthesized from 500 ng total RNA using a reverse transcription kit (Takara, Dalian, China). Quantitative real-time PCR was performed using an Applied Biosystems 7500 Sequence Detection System with SYBR Green chemistry, and GAPDH was used as an endogenous control. Each sample was used three times at different locations in the 96-well plate. Quantitative gene expression data were acquired and analyzed using the ABI Prism7500HT Sequence Detection System (RQ Manager, Grand Island, NY). All primers used in this study are listed in Table S2 .
Western blot analysis
Tissue lysates were prepared using a radioimmunoprecipitation assay (RIPA) buffer. Equal amounts of protein (30 g) were resolved by SDS-8/12% PAGE and electrotransferred to PVDF membranes. After blocking in TBS with Tween 20 (TBST) with 5% BSA for 2 h at room temperature, the membranes were incubated overnight with specific primary antibodies at 4°C; TET2 controls MMP9 promoter demethylation in preeclampsia the membranes were incubated with a primary TET2 antibody at a dilution of 1:500 (21207-1-AP, Proteintech Group), MMP9 antibody at a dilution of 1:200 (sc-393859, Santa Cruz Biotechnology), and normalized to ␤-tubulin as a control at dilution of 1:5000 (200608, Zen Bioscience). Primary antibody binding was visualized using horseradish peroxidase-conjugated goat antirabbit or anti-mouse IgG (1:10000, ZSGB-BIO). Signal intensities were measured using luminescent substrate for HRP (1305702, EMD Millipore Corporation) and Image J analysis software.
ELISA
Human MMP9 ELISA kit (EHC115.48, NeoBioscience) was used to determine MMP9 levels in 2 ϫ 10 5 control, and TET2 knockdown HTR-8/SVneo cells were plated in the wells of a six-well plate with 4 ml DMEM without FBS. After 48 h, the conditioned medium was collected after centrifugation and used for the ELISA array analysis following the manufacturer's instructions. The absorbance was read using a microplate reader at a wavelength of 450 nm, and GraphPad Prism software was used for data analysis.
Dot-blot analysis
Genomic DNA was extracted from tissues using AxyPrep Multisource Genomic DNA miniprep kits (Axygen, Corning). A NanoDrop 2000 (Thermo Fisher Scientific) was used to quantify the DNA concentration. DNA samples (200 ng per sample) were diluted with 2 M NaOH and 10 mM Tris-Cl, pH 8.5; the DNA sample was serially diluted 2-fold and loaded on a nitrocellulose membrane (GE Healthcare). The blotted membrane was dried at 80°C for 5 min and UV cross-linked at 120,000 J/cm 2 . The membrane was blocked in TBST with 5% BSA for 2 h at room temperature and then incubated overnight with mouse anti-5mC mAb (1:500, Active Motif) or mouse anti-5hmC mAb (1:5000, Abcam) at 4°C. After washing, the membrane was incubated with HRP-conjugated anti-mouse/ rabbit IgG (1:10000, ZSGB-BIO) secondary antibodies in TBST for 2 h at room temperature and signal intensities were measured using luminescent substrate for HRP (1305702, EMD Millipore) and Image J analysis software.
Human angiogenesis antibody array
The human angiogenesis antibody array kit was purchased from R&D Systems (ARY007). In total, 2 ϫ 10 5 control and TET knockdown HTR-8/SVneo cells were plated in the wells of a six-well plate with 4 ml DMEM without FBS. After 48 h, the conditioned medium was collected after centrifugation and used for the human angiogenesis antibody array analysis following the manufacturer's instructions. In brief, the membranes were placed in a four-well multi-dish containing 2 ml of array blocking buffer. The membrane was incubated for 1 h on a rocking platform. Meanwhile, samples were mixed with the reconstituted Detection Antibody Mixture and incubated at room temperature for 1 h. After incubation, 1.5 ml of the sample/antibody mixture was added to the well. The membrane was incubated overnight at 4°C on a rocking platform shaker, and then washed thrice using array wash buffer, with each wash lasting 10 min. Then, 2 ml of streptavidin-horseradish peroxi-dase solution was added onto the membrane and incubated for 30 min at room temperature on a rocking platform shaker. Next, three washes were performed with the array wash buffer. An ECL chemiluminescent substrate supplied with the kit was used to generate the signals and detailed pictures of the array were taken. Image J software was used to quantify the arrays.
Bisulfite sequencing analysis and pyrosequencing
Bisulfite sequencing analysis was performed as described previously (14) . For sequence analysis, the BSP products were purified and subjected to direct sequencing by Tsingke Biotech (Chengdu, China) . The CpG-rich region of the MMP9 promoter between Ϫ225 and Ϫ160 bp includes three CpG sites. The primer sequences used for pyrosequencing PCR are listed in Table S2 .
ChIP
Magna ChIP TM G (17-611, EMD Millipore) was used to determine whether TET2 bound to MMP9 promoter in 2 ϫ 10 7 HTR-8/SVneo cell. ChIP analysis followed the manufacturer's instructions. Protein-DNA complex was immunoprecipitated with TET2 antibody. IgG was used as an antibody control. The DNA was resuspended in water, and enzyme binding at MMP9 promoter was quantified by real-time qPCR using primers specific for MMP9 promoter. The target values were normalized to input controls.
Plasmid construction
The promoter sequence of MMP9 from Ϫ761 bp to the transcription start site shows the strongest transcriptional activity. The MMP9 promoter (780 bp) was amplified by PCR using Fast Pfu DNA polymerase (TransGen Biotech, Beijing, China) from HTR-8/SVneo cDNA before cloning into the pGL3-Basic vector. The MMP9 promoter was mutated from GCGC to TAAT using the Fast Mutagenesis System (TransGen Biotech). We constructed various plasmids based on WT of MMP9 promoter in the pGL3-Basic vector: all CpG sites methylated except Ϫ712 bp, which was demethylated by mutation (Ϫ712mut); all CpG sites methylated except Ϫ233 bp, which was demethylated by mutation (Ϫ233mut); and all CpG sites methylated except Ϫ712 bp and Ϫ233 bp site were demethylated by mutation (Ϫ712 and Ϫ233mut) (Fig. 3E ). The plasmid of Tet2-CD and Tet2-HXD was generously donated by Prof. Chang (24) . All the primers used in this study are listed in Table S2 .
Dual-Luciferase reporter assays
The different DNA methylation statuses of pGL3-MMP9 vectors were determined by co-transfection with Renilla Luciferase vector into human embryo kidney 293T cells followed by measurement of luciferase activity using the Dual-Luciferase Reporter Assay System (Promega).
Statistical analysis
All data were expressed as the mean Ϯ S.D. All statistical analyses were performed using the GraphPad Prism software (version 5.00). A two-tailed Student's t test was used to compare two groups. Statistical comparisons were performed by oneway analysis of variance (ANOVA) for multiple groups. Signif-TET2 controls MMP9 promoter demethylation in preeclampsia icant differences between or among groups were indicated by *, p Ͻ 0.05 and **, p Ͻ 0.01.
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